The effect of decane-functionalized reduced graphene oxide (decane-rGO) was studied on the performance of polyacrylonitrile (PAN) ultrafiltration membranes. The results showed that the decane-rGO/PAN membranes had greater salt rejections relative to their corresponding GO/PAN membranes, confirming superior performance of modified decane-rGO particles. Also, the membrane with 0.2 wt% decane-rGO exhibited maximum water flux and appropriate salt rejection.
INTRODUCTION
In recent years, graphene has attracted a large amount of scientists' attention because of its unique properties. Graphene is an allotrope of carbon with a structure composed and performing the reaction in a 9/1 mixture of H 2 SO 4 / H 3 PO 4 . This improved method yields a higher ratio of well-oxidized hydrophilic carbon material (Marcano et al. ) . GO is a two-dimensional sheet which is formed from the covalently bonded carbon atoms and has two kinds of distributed areas, including aromatic areas with unoxidized benzene rings and areas with the presence of oxygen functional groups such as hydroxyl, epoxide and carbonyl groups which cause GO sheets to be hydrophilic and were examined for their surface roughness using atomic force microscopy (AFM) measurements.
MATERIALS AND METHODS

Materials
The materials including n-hexane, DMF, graphite powder, and hydrazine (N 2 H 4 ) were extra pure and were purchased from Sigma-Aldrich and Merck companies and used without further purification. The PAN (average Mw ¼ 150,000 g/mol), n-butyllithium (n-BuLi, 2.6 M in n-hexane) and 1-bromodecane were also provided from Sigma-Aldrich.
Synthesis of decane-rGO
GO was synthesized from natural graphite powder by the modified Hummers method (Hummers & Offeman ).
400 mg GO was put in a 500 mL round bottom flask, then 400 mL water was added and the dispersion was sonicated.
The ultrasonic employed had a frequency of 37 kHz at a power of 80 W. After that, 4.0 mL N 2 H 4 was added and the obtained mixture was heated in an oil bath at 100 W C for 48 h to yield the reduced GO (r-GO). The precipitated r-GO was washed with water and methanol, and dried at room temperature for 1 day. 300 mg of r-GO was placed in a 100 mL round-bottom flask and 40 mL of extra dry nhexane was added. The suspension was sonicated for 1 h in order to disperse the sheets. The mixture was then transferred to a 250 mL three-neck flask under nitrogen atmosphere. Next, 100 mL of dry n-hexane and 60 mL of n-butyllithium (n-BuLi) were added. The mixture was stirred at room temperature under nitrogen atmosphere for 2 h in order for the n-BuLi to react with the r-GO sheets and to activate the surface. A total of 33 mL of 1-bromodecane was added and the mixture was kept at room temperature for another hour before starting heating to 70 W C in an oil bath. After 4 h at 70 W C, the mixture was allowed to cool down to room temperature for 1 h. The mixture was transferred into a 500 mL round-bottom flask containing 100 mL of cold methanol and then the mixture was stirred for 5 min in order to neutralize the excess n-BuLi. It was then centrifuged several times with distilled water. Finally, the recovered powder was dried at 60 W C for 3 h.
Preparation of GO and decane-rGO/PAN UF membranes 50 mg of decane-rGO powder was poured into a 100 mL flask and 50.1 mL of DMF was added. The mixture was sonicated for 10 min and then 8.5 g of PAN was added. The dope was put in a mixer for 30 min and then the prepared dope was leveled on non-woven polyester paper. After that, the membrane was put into a bucket of DMF/water (in 1:4 ratio) for 20 min and afterwards it was transferred to a bucket of deionized water and allowed to stand for 1 h.
The same process was carried out for 50 mg of GO.
During the coagulation process, the temperature of the bath was adjusted at 10 W C.
Characterization
To investigate the presence of decane groups on the surface of rGO nanoparticles, the FT-IR spectra (FT-IR, Bomem
Canada Mod SRG1100 g) were obtained. For measurement of interlayer distance and the characteristic peaks of nanoparticles, the XRD patterns were taken with an Inel
Equinox 3000 X-ray diffractometer using Cu K α radiation 
RESULTS AND DISCUSSION
Characterization of decane-rGO
The synthesis of decane-rGO particles is confirmed by FT-IR spectroscopy. The FT-IR spectra of GO, r-GO, and decanerGO particles are shown in Figure 2 . All samples exhibit one characteristic peak at about 3,391 cm À1 that is related to the OH groups, and the two bands at 1,638 and 1,712 cm À1 are attributed to stretching frequencies of C ¼ C aromatic ring and carbonyl groups, respectively.
Also, the bands at 1,231 cm À1 and 1,150 cm À1 are assigned to the C-OH and C-O stretching vibrations, respectively.
After reduction of GO, the intensity of the oxygen functional groups such as the OH band at 3,391 cm À1 decreases and this change is indicative of the reduction of OH groups on the GO surface. In the case of decane-rGO, the presence of decane functionality on the reduced GO was confirmed by the peaks at 2,800 and 2,900 cm À1 indicating the CH stretching vibrations of decane groups. Practically, the GO particles are completely dispersed in water. In contrast, the decane-rGO particles cannot entirely be dispersed in water, thus decane groups are attached to the rGO surface. 
Characteristics of UF membranes
The role of decane-rGO on the surface morphology of PAN UF membranes was investigated using FE-SEM micrographs. The hydrophilicity of the prepared membranes' surface can be investigated by water contact angle measurement.
Water contact angle is one of the common ways to measure the wettability of a surface that was measured by the sessile drop method. As can be seen in Figure 6 , the hydrophilicity is enhanced by increasing the decane-rGO amount up to 0.2 wt%. This is possibly due to the presence of hydrophilic agents on the rGO surface, such as hydroxyl, carboxyl, and epoxide groups, that can increase the rate of exchange process between solvent and non-solvent, whereas 0.3 wt% decane-rGO doped membrane possesses a water contact angle of 52.92 W . Thus, by increasing the decane-rGO content to 0.3 wt%, the non-polar decane groups on the rGO particles result in the enhancement of the membrane
hydrophobicity. The results demonstrate that pristine PAN membrane has the highest water contact angle of 54.68 W , hence this leads to the conclusion that the membrane surface is the most hydrophobic in nature.
The membranes were also studied for their surface roughness by AFM measurements. The AFM images of the prepared membranes are as shown in Figure 7 . In these images, the brightest area shows the highest point of the membrane surface and the dark areas illustrate valleys. The topographical images indicate that the roughness is increased by adding 0.1 wt% decane-rGO to PAN matrix. The average roughness was increased from 31.61 nm (in pure PAN membrane) to 55.12 nm for 0.1 wt% PAN/decane-GO membrane. The roughness was increased again by addition of 0.2 wt% decane-rGO to the membrane. Indeed, roughness of the membrane surface was increased by mixing the decane-rGO particles with polymer matrix up to 0.2 wt% modified nanoparticles due to increasing the pore size of decane-rGO/ PAN membrane. When the decane-rGO amount was increased to 0.3 wt%, the porosity of the PAN/decane-rGO membrane was decreased, hence due to an increase in pore size and agglomeration of modified nanoparticles, roughness of membrane surface was decreased.
Evaluation of UF membranes performances
The water flux of membranes is controlled by several factors such as hydrophilicity, pore size, and morphology of the membranes. The presence of hydrophilic groups in the modified nanoparticles increase the rate of exchange process between solvent and non-solvent, thus the porosity of membranes are increased up to 0.2 wt% decane-rGO.
Increasing the size and pore values are also confirmed by enhancing the water flux of membranes. As shown in Figure 8 (a), the water fluxes of both membranes prepared using GO and decane-rGO are increased using up to 0.2 wt% of filler nanoparticles, which can be related to the improvement in the hydrophilicity of theses membranes This subject is indicated clearly in yield salt rejection results.
Nano-flake structure of GO particles acts as a big barrier and can prevent NaCl particles from passing into the membrane. The salt rejections for the decane-rGO/PAN membranes were greater compared with those of their related GO/PAN membranes. Therefore, the presence of decane agents between the interlayers of rGO particles can increase the salt barrier, hence salt rejection parameter is increased. As shown in Figure 3 , the diffraction peak of decane-rGO powder appears at 7.8 W in the XRD pattern, corresponding to the interlayer of 1.13 nm, whereas the XRD pattern of GO shows a strong peak at 11.10 W , which corresponds to an interlayer spacing of 0.8 nm. Consequently, the presence of decane groups between the interlayers of rGO nanoparticles can increase the space between rGO sheets and the exfoliation of decanerGO particles in PAN matrix can be an important reason for increasing the salt rejection parameter of decane-rGO/PAN membranes. This is an appropriate result obtained for these membranes that can aid convenient water desalination (separation of pure water from salt). The greater salt rejections for the decane-rGO/PAN membranes relative to their corresponding GO/PAN membranes confirm the superior performance of modified decane-rGO particles.
It must be mentioned that the optimization study for salt rejection was not performed by preparing membranes with filler contents higher than 0.3 wt%, because in order to select the optimum membrane, both of the water flux and salt rejection results must be considered. Herein, the water flux is the highest using 0.2 wt% decane-rGO/PAN membrane and its salt rejection is also a high value, thus this membrane is chosen as the optimum modified membrane.
Similar results were reported in the literature using other membranes. For instance, exfoliated graphite nanoplatelets (xGnPs) decorated by Au nanoparticles (Au NPs) were used as model hierarchical nanofillers in PS membranes.
It was shown that the pure water flux was increased by increasing the xGnPs wt% from 0 to 2 wt% but the dextran rejection was first increased and then decreased using 0 to 2 wt% of xGnPs particles (Crock et al. ) . Considering these results, they selected the membrane containing 1 wt% xGnPs as the optimum membrane because it showed both appropriate water flux and dextran rejection. 
